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Fume and hygiene hoods are widely used to prevent fugitive emissions from charge ports, tap holes and many other
openings in mineral processing and smelting vessels. The highly buoyant nature of the fume combined with often complex
geometries make the design of these hoods diﬃcult with traditional engineering tools. However, by combining the tradi-
tional engineering approach with computational ﬂuid dynamics (CFD) techniques, a clear understanding of the shortfalls
of an existing system can be obtained, and an optimised hood design can be achieved. This paper reports on a combined
engineering and CFD analysis of a fume extraction system for a zinc slag fumer charge port. The engineering model
revealed that the existing plant components (bag house and fan) were not capable of capturing the required amount of
fume, and that the original hood design was ﬂawed. The CFD model was then used to predict the fume capture and emis-
sion from the existing hood. CFD model predictions showed that increasing the draft ﬂow rate by an order of magnitude
would only give a marginal improvement in fume capture. Using ﬁndings of both the models enabled a new fume capture
hood to be designed. CFD analysis of the new hood revealed that a signiﬁcant improvement in fume capture is possible.
Construction and installation of the hood has been performed and a 65% reduction in fume emission was achieved, thus
signiﬁcantly mitigating a long-standing emission problem.
Crown Copyright  2006 Published by Elsevier Inc. All rights reserved.1. Introduction
Hygiene or fume capture hoods are widely used in many industrial processes to capture fumes evolved from
reaction vessels. Fume from many processes is often toxic and corrosive. Release of such fume poses both an
environmental problem and a health and safety hazard for plant workers. Traditional engineering design tech-
niques by themselves are not adequate to allow novel designs to be developed and assessed.
To overcome such limitations [1] used computational ﬂuid dynamics (CFD) modelling to predict the local
ﬂow ﬁeld around a fume extraction hood for welding, however limited computing capabilities prevented buoy-
ancy from being considered. More recently [2] used CFD to design a laboratory fume hood and understand0307-904X/$ - see front matter Crown Copyright  2006 Published by Elsevier Inc. All rights reserved.
doi:10.1016/j.apm.2006.02.003
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Nomenclature
D diameter of duct [m]
E roughness height [m]
f fanning friction factor [–]
g gravity vector [m/s2]
h enthalpy [J/kg]
k turbulent kinetic energy [m2/s2]
L length of duct [m]
p pressure [Pa]
DP pressure loss through a duct [Pa]
Pstack pressure at the base of the stack [Pa]
T temperature [K]
u mean velocity [m/s]
u 0 ﬂuctuating velocity [m/s]
Y mass fraction
e turbulent eddy dissipation [s1]
C mass diﬀusivity [m/s]
k thermal conductivity [W/m K]
q density [kg/m3]
l dynamic viscosity [Pa s]
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insights into the complex interactions between hoods and the surrounding environment to allow improved
performance and control of fume capture systems. In the design of fume capture systems for mineral-
processing applications, CFD has not been widely adopted with the exception of work by [4,5] for copper
converters. Solnordal et al. [6] have adopted a combined engineering/CFD approach to the investigation of
a copper converting hood and extraction system. Given the variety and large number of hoods used in
minerals processing applications, there is potential to apply the technique to areas other than copper
converters.
This paper reports on the application of a combined engineering/CFD approach to the redesign of a fume
capture hood and extraction system for a slag fumer charge port.2. Background
Pasminco Port Pirie Smelter Pty. Ltd. (PPPS) operate a slag fumer at their Port Pirie site. The slag fuming
process utilises hot, ex-lead blast furnace slag and stockpiled granulated slag to produce zinc. Slag is supplied
to the fumer in ladles at high temperature and poured through charge ports. During pouring it is thought that
the fresh charge starts reacting and evolving fume as it enters the furnace. A consequence is that fume is emit-
ted during pouring and fume extraction systems are required to prevent fume escaping into the atmosphere.
The original fume extraction circuit had deteriorated over a number of years and was found to have lim-
itations in capturing fume emitted during charging. This resulted in a loss of product fume from the slag
fumer.
Rather than simply refurbish the old system, which reportedly never performed adequately, Pasminco
decided to undertake a combined engineering and CFD modelling approach to the problem. In this paper
the engineering model of the fume extraction system is initially reported. Then the detailed CFD model of
the charge port region and extraction hoods is presented. The ﬁndings of the two models allow the cause
for many of the shortcomings of the system to be revealed, and a new hood to be designed. The ﬁnal CFD
analysis of the new hood is then presented.
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3.1. Duct network and operation
The network of ducts for fume extraction from the zinc fuming plant is shown in Fig. 1. Two furnaces oper-
ate in tandem, so that one is being charged while the other is fuming. Each furnace has a vertical extraction
vent on either side of the charge port. The area above the charge port is required for access by the crane, and
so cannot be blocked by fume extraction hoods. (The detailed three-dimensional geometry of a single furnace
charge port and extraction hood is shown as Fig. 3 in the CFD Modelling section).
The fume extraction system is driven by a single fan. Ducts lead from the extraction vents on either side of
each charge port into the main duct (lines A–D). The main duct passes through a baghouse and the ﬁltered gas
then goes through the fan and up a stack. A ﬁfth duct (line E) also enters the main duct from a small hood
located over the top of a ladle in the skull-breaking area. In this area the frozen slag layer, called a skull, on
top of the molten slag in the ladle is broken before the ladle is brought to the charge port.
Originally control dampers existed in each of the extraction lines (A–D). However, over time these dampers
had ceased to function. Thus under normal operation gas was being extracted through all lines A–E using a
single fan. Velocity measurements had previously been made in individual extraction lines, and velocities as
low as 1.7 m/s had been recorded.
By applying engineering correlations for pressure losses throughout the fume extraction duct network, an
iterative model was built. Using the model it was possible to investigate the ﬂow distributions and identify
limitations of the current extraction system.
3.2. Model equations
Pressure losses through the ducting between the furnaces or skull breaking area and the stack were deter-
mined from engineering analysis of the duct geometry. Losses along each length of duct were determined using
the Darcy–Weisbach equation (1):DP ¼ f L
D
1=2qu2; ð1Þwhere f is the Fanning friction factor calculated using the Colebrook equation (2):1ﬃﬃﬃ
f
p ¼ 2:0 log e=D
3:7
þ 2:51
Re
ﬃﬃﬃ
f
p
 
. ð2ÞIn the Colebrook equation, e/D is the roughness height, and was assumed to equal 0.005, a relatively high
value that assumed the pipes to be quite rough due to scale and deposits in the duct.
Added to these pressure losses were the losses associated with duct inlets (such as the hood arrangements on
the furnaces and above the skull breaking area) as well as losses at the intersection of ducts and the manifolds
and transition regions on either side of the bag house and fan. These losses were far greater than the loss due
to duct roughness, and were estimated using standard engineering values of ‘‘equivalent duct length’’ [7].A
B C D
E Fan
Baghouse
To stack
Skull breaking
Furnace 2 Furnace 1
Fig. 1. Fume extraction network for the two slag fuming furnaces.
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knowing that the typical velocity in line A was approximately 1.7 m/s allowed the determination of the pressure
loss. It was found that the extraction hoods provided an equivalent length of 25 diameters to the extraction lines.
The pressure loss through the bag house was varied from 1100 Pa to 1400 Pa, in accordance with the var-
iation experienced during one shake cycle of the bag house. The pressure rise through the fan was determined
from the fan curve supplied by Pasminco. The Richardson type CY fan gave a static pressure head of approx-
imately 3.2 kPa under normal operating conditions.
Boundary conditions for the model consisted of pressures at the inlet and exit of the duct network. Ambient
inlet pressures (0 Pa g) were speciﬁed for all inlet ducts, while the pressure at the base of the stack was assigned
a value of 100 Pa in accordance with plant observation.
3.3. Calculation procedure
To determine the gas ﬂow rates through the ducting system an iterative procedure was devised as follows:
• A ﬂow rate through duct A (Fig. 1) was assumed, and the pressure drop through to the intersection of ducts
A and B was calculated using Eq. (1).
• The ﬂow through duct B was then iterated until a value was found that gave the same pressure at the inter-
section of ducts A and B.
• A similar procedure was adopted to determine the ﬂow rates through ducts C, D and E.
• The pressure variation through the baghouse, fan and through to the stack was then determined.
• The value of ﬂow through duct A was then varied and the procedure repeated until convergence was
achieved. The convergence criterion was jPstack,calc  Pstack,assumedj < 0.01 Pa.
The model was coded into a spreadsheeting program. Using a 1.8 GHz IBM compatible PC convergence was
achieved in under 1 s, allowing rapid investigation of diﬀerent ﬂow scenarios.
3.4. Engineering model results
The model was run under a variety of operating scenarios. The results are summarised in Table 1 and rep-
resent both existing and proposed operating conditions.Table 1
Results of engineering analysis
Baghouse dP = 1100 Pa Baghouse dP = 1400 Pa
Flow rate (normal m3/h) Velocity (actual m/s) Flow rate (normal m3/h) Velocity (actual m/s)
All lines open
Line A 6150 1.8 5750 1.7
Line B 7010 2.0 6550 1.9
Line C 8650 2.5 8090 2.3
Line D 27140 7.8 25370 7.3
Line E 24590 7.1 23000 6.6
Furnace 1 only
Line C 30750 8.8 28740 8.2
Line D 39520 11.3 36940 10.6
Furnace 2 only
Line A 29180 8.4 27140 7.8
Line B 33250 9.5 30930 8.9
New hood – Furnace 2
Line B 57140 16.4 53150 15.3
New hood – Furnace 1
Line D 52690 15.1 49030 14.1
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Fig. 2. Pressure distribution through venting system when extraction is entirely through Line B.
P.J. Witt et al. / Applied Mathematical Modelling 30 (2006) 1167–1179 1171Venting through all ﬁve lines A–E gave a velocity of 1.7 m/s in Line A, as had been measured. The extrac-
tion on either side of each furnace is shown to be uneven, particularly with Furnace 1. If control dampers were
used to isolate individual lines then the velolcities through each line could be substantially improved. By vent-
ing through only lines C and D (for charging of Furnace 1) or lines A and B (for charging of Furnace 2), veloc-
ities were predicted to increase to between 7.8 and 11.3 m/s, depending on the furnace and baghouse
condition. However, signiﬁcant variation between lines on each side of a furnace (particularly with Furnace
1) would still be expected.
As will be reported in the next section, a new extraction hood was designed that required only a single
extraction line for each furnace. The engineering model was run for these scenarios using just line B or line
D. The pressure variation through the system using just line B is shown in Fig. 2. The results indicate that
velocities of between 14.1 and 16.4 m/s would then be expected in each line. At these velocities the amount
of fume drop-out in the line would be substantially reduced, thus improving the eﬃciency of the bag house.
Having determined the expected performance of the extraction system under a variety of conditions, the
predicted velocities and ﬂow rates through each line were used to determine the appropriate modelling
conditions for the CFD modelling component of the work.
4. CFD model
4.1. Conservation equations
To calculate the ﬂow ﬁeld, the model solves the Reynolds average Navier–Stokes equations given below:r  ðquÞ ¼ 0; ð3Þ
r  ðquuÞ ¼ rp þ qgþr  lrur  ðqu0u0Þ. ð4ÞAirﬂow in the area of the hood is strongly inﬂuenced by buoyancy of the fume leaving the charge port.
To allow prediction of the temperature ﬁeld, the enthalpy equation is included in the model:r  ðquhÞ ¼ r  krT . ð5Þ
An additional scalar equation is used to track the motion of fume emitted from the charge port so that fume
transport and capture eﬃciency can be predicted:r  ðquY Þ ¼ r  CrY . ð6Þ
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To obtain values for the Reynolds stress terms and close the equation set a turbulence model is used.
4.2. Turbulence model
The most widely used turbulence model is the k–e model [8], which is based on the Boussinesq approxima-
tion. In the k–e model, the Reynolds stress terms are approximated byqu0u0 ¼ lTru
2
3
qkd; ð7Þwhere lT is the turbulent or eddy viscosity obtained fromlT ¼ Clq
k2
e
. ð8ÞAn eﬀective viscosity can then be deﬁned (leﬀ = l + lT). The equations below are solved to obtain k and e,
which are the turbulent kinetic energy and dissipation rate, respectively:r  ðqukÞ  r  lþ lT
rk
 
rk ¼ P  qe; ð9Þ
r  ðqueÞ  r  lþ lT
re
 
re ¼ C1 ek P  C2q
e2
k
. ð10ÞShear production is deﬁned asP ¼ leffru  ðruþ ðruÞTÞ 
2
3
r  uðleffr  uþ qkÞ. ð11ÞConstants for the standard k–e model are given in [8].4.3. Numerical scheme
Solution of the above equations by analytical techniques is not possible. To solve the equations and obtain
the ﬂow ﬁeld, temperature distribution and concentration of fume the commercial CFD code, CFX4 [9] by
ANSYS Inc. formerly AEA Technology was used. CFX solves the equations given above using the ﬁnite vol-
ume method on a co-located body ﬁtted grid. To avoid chequer-board oscillations in the pressure ﬁeld, the
Rhie and Chow [10] interpolation procedure is used. Coupling between pressure and velocity is achieved using
the SIMPLEC algorithm, which is a modiﬁed form of the SIMPLE algorithm and is described elsewhere
[9,12]. The weakly compressible model is used for density, which assumes that density is a function of temper-
ature and gas composition. Further details of the solution procedure are given in [9].
4.4. Model geometry and boundary conditions
A three-dimensional CFD mesh of the slag fumer charge port area including details of the charge port, ladle
and hood was generated. Two diﬀerent geometries for the fume hood and extraction ducting were analysed:
the original design and a new design. Block structure and mesh density in the models were selected and
adjusted as necessary to achieve an optimal resolution and cell shape to minimise numerical problems. Slightly
more than 436,000 cells were used in the model for the original design and 616,000 were needed to model the
new design.
A plot of the original design geometry is shown in Figs. 3 and 4. The domain of the model extended from
the ﬂoor to the roof. Vertical panels above the charge port shown in Fig. 3 represent the overhead crane that
transports the ladle. Sides and front of the model domain were treated as pressure boundaries in the model
Fig. 3. Three-dimensional CFD model geometry of the original charge port, drafting slots shown in blue. (For interpretation of colors in
this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 4. Three-dimensional CFD model of the original charge port design cut through the centre-line, blue areas indicate slots and the red
area is the fume entry boundary condition in the furnace. (For interpretation of colors in this ﬁgure legend, the reader is referred to the web
version of this article.)
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Round horizontal ducts attached to each side of the hood draw air through the hood and into the duct net-
work and bag house (Ducts A and B, or Ducts C and D, in Fig. 1). Internal chambers in the hood connect the
ducts to slots in the hood. These slots are colored blue in Fig. 3.
The level of slag in the ladle changes during pouring, requiring the ladle to be rotated and moved closer to
the charge port. It was not considered necessary to include this for the original design case so the ladle was
positioned near the end of the pour. Pouring occurs over a time period of minutes and is treated as being
at a steady state condition in the model. Ladle surface temperature was set to that of the molten slag in
Table 2
CFD modelling – predicted fume capture results
Run Hood design Drafting air ﬂow
rate [N m3/h]
Fume leaving the
furnace [N m3/h]
Percentage of
fume captured
1 12,000 360 10
2 Original 75,000 360 27
3 Original 100,000 360 51
4 New 60,000 360 100
5 New 60,000 1440 100
6 New 75,000 360 100
7 New 75,000 1440 100
8 New 94,000 1440 100
9 New 94,000 360 100
10 New no ladle 75,000 1440 100
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furnace was included in the model. Inlet boundaries were applied to the open surfaces of the furnace, red areas
shown in Fig. 4, and fume added at a ﬂow rate based on the amount of molten metal entering the furnace and
an allowance for air entrained into the furnace with the molten metal. Fume was assumed to be at the furnace
temperature.
The ﬂow around the charge port using the existing hood was investigated at three ﬂow rates. Using the engi-
neering analysis it was found that under the existing operating conditions a total ﬂow rate of approximately
12,000 N m3/h was expected through the two ducts (Table 1), and so modelling was performed at this ﬂow
rate. Use of isolation dampers in the fume extraction system would allow all ﬂow to be directed through either
lines A and B or lines C and D. Results in Table 1 suggest that under these conditions the maximum ﬂow rate
from the hoods is less than 75,000 N m3/h. CFD runs were thus performed at 75,000 N m3/h as in intermedi-
ate ﬂow rate case. By increasing the capacity of the fan and baghouse it was believed that a ﬂow rate of
100,000 N m3/h was not unreasonable, and this ﬂow rate was also investigated. Table 2 provides a summary
of the operating conditions and results for all the cases modelled.
5. Results – original hood design
The physical geometry of the original charge port is shown in Figs. 3 and 4. Plots of the fume concentration
and air velocity for the low and high ﬂow rate cases (Runs 1 and 3) are presented in Fig. 5. Fig. 6 shows the
fume distribution on a plane approximately across the mouth of the ladle for Run 1. Table 2 summarises the
results of fume capture showing the fraction of fume captured by the extraction system for the original design.Fig. 5. Side view of fume distribution for the original design at the low (left) and high (right) ﬂow rate on a central plane.
Fig. 6. Fume distribution for the original design at the low ﬂow rate case on a plane near the ladle opening.
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thus preventing quantitative validation of the model. Accuracy of the model was assessed qualitatively by
comparing features predicted by the model, such as the plume shape and the escape of fume from the top slots
as shown in Fig. 6, with photographs and plant observations of the charging process. From these comparisons
it was concluded that the model was capable of at least qualitatively capturing the ﬂow around the charge port
and could be used to assess potential new designs.
From these results it is clear that there is substantial buoyancy from hot fume in the furnace and that the
temperature of the ladle drives the ﬂow in an upward direction. The results show that increasing the airﬂow
through the extraction system by almost an order of magnitude only increases fume capture from 10% to 50%
(Table 2, Runs 1 and 3). This analysis demonstrated that solely increasing the airﬂow through the drafting
system would be insuﬃcient to signiﬁcantly improve the fume capture.
6. New hood design
Results of the original design showed that hot buoyant fume left the charge port at a low velocity and
entrained air from the surroundings with the plume rising around the hot ladle. Closing in the area above
the top of the ladle was not feasible because the ladle is suspended from an overhead crane. Signiﬁcantly
increasing airﬂow through slots located in the hoods to the side of the ladle was shown to be largely ineﬀective
due to the highly buoyant nature of the hot plume and entrainment of surrounding air.
CSIRO and Pasminco engineers worked jointly to develop a novel hood design based on the idea of cap-
turing the fume as it left the charge port and utilising the buoyant nature of the plume to remove it into the
ducting system before surrounding air could dilute it. It was also desirable to minimise costly changes to the
original hood and fume extraction system.
Figs. 7–9 show the geometry of the new hood design. Fig. 7 shows the new charge port area without the
ladle. The side hoods are retained and a new top section and impact pad is installed. Internally the impact
pad has a channel with an opening just above the charge port opening (Fig. 8) which is connected to the draft-
ing system. Slots along the face of the top section capture fume evolved from the ladle and are shown in Fig. 9.
Internal ducts for each slot are used to ensure a uniform ﬂow through each slot. The predicted ﬂows through
the slots are shown in Table 3.
Fig. 7. Three-dimensional geometry of the new charge port design without the ladle (drafting slots shown in blue). (For interpretation of
colors in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 8. Three-dimensional geometry of the new charge port cut through centre-line.
Fig. 9. Detail of the slots and baﬄing in the top part of the new hood with the outer faces removed (blue regions are the slots). (For
interpretation of colors in this ﬁgure legend, the reader is referred to the web version of this article.)
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Table 3
Gas ﬂow rates through slots in the new hood
Run Slot gas ﬂows [N m3/h]
Left Centre Right
4 2040 2007 1976
5 2051 2016 1987
6 2628 2621 2554
7 2633 2623 2559
8 2597 2656 2526
9 3305 3347 3204
10 3311 3353 3209
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rates through the ducts and two fume release rates from the furnace (Runs 4–9, Table 2). For the typical case
a simulation was performed without the ladle to assess the eﬀect of the ladle on ﬂow conditions (Run 10).7. Results – new hood design
Fig. 10 shows predicted fume distributions for Runs 4 and 5 – the low drafting ﬂow rate case with both low
and high fume release rates. These distributions are typical of all runs performed using the new hood design.
Predicted capture eﬃciencies are presented in Table 2 and demonstrate that the new hood greatly improves
fume capture.
It was thought that the ladle position may inﬂuence the capture eﬃciency of the hood and so Run 10 – a
case with no ladle – was performed. The predicted fume distribution is shown in Fig. 11. Results from this run
indicated that the presence of the ladle produces a plume that is captured by slots in the top of the hood. It
also shows that the ladle acts to shield the charge port slightly and more air is drawn into the charge port for
the case without the ladle (Run 7).Fig. 10. Fume distribution and velocity vectors 0.5 m from the ladle centre-line for Runs 4 and 5: new hood design, low ﬂow rate, fume
generation equal to 360 N m3/h (left) and 1440 N m3/h (right).
Fig. 11. Fume distribution and velocity vectors 0.5 m from the ladle centre-line for Run 10 – new hood design, no ladle, medium ﬂow rate
with high fume generation.
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Once the modelling work was completed a detailed engineering design was performed and the hoods fab-
ricated oﬀ site. During a planned plant shut down the new hoods were installed. When installed the new hoods
were found to reduce fugitive fume emissions from the charge port by 65% [11], signiﬁcantly mitigating a long-
standing environmental problem at Pasminco’s Port Pirie smelter.9. Conclusion
A combination of traditional engineering analysis and CFD modelling has been used to analyse and opti-
mise the performance of a fume extraction system.
Engineering correlations were used in an iterative model to predict performance of the existing fume extrac-
tion ducting. Results indicated that the open nature of the ducting led to only very low ﬂow rates and velocities
in individual extraction lines. The model also quantiﬁed the maximum ﬂows that could be expected through
the existing hoods using the existing plant equipment. These ﬂow rates were used to determine the appropriate
conditions under which CFD analysis of the hood should be performed.
A three-dimensional CFD model of the ﬂow of fume and air around a slag fumer charge port and ladle was
then developed. Model results show that hot fume from the charge port has substantial buoyancy and that
slots in the side of the hood are not adequate to ensure capture even at high airﬂow rates.
Redesign of the hood has been undertaken with the aid of CFD modelling to ensure that the hood design
would perform as expected. The new hood design is a novel departure from traditional hoods and the use of
CFD was critical in development of the design. Installation of the new hoods has reduced fugitive emissions by
65% [11].
This case study demonstrates how a combination of techniques can be used to improve and optimise
fume extraction hood design. The technique can be applied to other plant equipment within which ﬂuid
ﬂows.
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